The development of sweet sorghum syrup producing technology for the juice of cultivar Sucrosorgho 506 was completed. The applicability of different existing syrup production technologies including sugar beet-based sugar production technology, and sugar cane processing technology was also tested. The new chemical-free syrup production technology was realized at laboratory-scale and large laboratory-scale. The proposed technology offers a chemical free separation and concentration of carbohydrates, and consists of centrifugal separation; ultrafiltration extended with an approved sterilization followed by nanofiltration to separate carbohydrates and inorganics, and finally a vacuum evaporation to reach syrup state. By using this technology the initial glucose:fructose:sucrose ratio could be preserved in the syrup, therefore not limiting its further use. The possible food application was established by sensory analysis. It was revealed that the syrup produced via the developed process obtained the most attractive character that enables the opportunity to use as natural sweetener.
Introduction
Sorghum vulgare var. saccharatum or Sorghum bicolor (hereinafter referred to as sweet sorghum) was proposed as a potential sugar source in 1975 [1] , however two years later the idea of its utilization to produce energy came into focus of the interest [2] . Due to its high biomass productivity and high sugar content sweet sorghum was considered as an attractive multi-purpose crop.
Cultivation of sorghum vulgare var. sudanense was started in the late 1950s in Hungary [3] and it was succeeded by the cultivation of sweet sorghum Monori Édes in the '60 [4] . Following the trends, Hungary also focused on the cultivation of species that could tolerate the different soils of the Hungarian plain aiming high-yield-green biomass used for forage and silage. Cultivars of sweet sorghum, namely Monori Édes, Róna-4 and Sucrosorgho 506 were bred and cultivated solely in the Hungarian Basin [5] . After the determination of sowing and harvesting times, cultivation experiments such as selection of soil types, types and quantity of fertilizers, herbicides [6] , and the selection of the appropriate agro technics, the production of juicy cultivars started at large scale. Fig. 1 shows the optimal production areas in Hungary [7] . Further cultivation experiments proved that sufficient yield could be obtained even under extremely dry years [8] .
Since sugars are encapsulated in the spongy tissues of the pith, they can be easily withdrawn in a form of juice by pressing and crushing. It should be noted that this method was a time-consuming process and sweet sorghum juice can be extracted by diffusion extraction too. Although the major part of carbohydrates can be withdrawn in the juice, a lesser, but not ignorable part remains in the bagasse. Focusing exclusively on juice and its carbohydrate content, sources indicate that it is a good source of ethanol fermentation all over the world starting from USA [9] [10] [11] via Australia [12, 13] , India [14] , Europe [15] [16] [17] and Africa [18] and last but not least China [19] .
Since ethanol production techniques have been extensively studied for decades, the production of cellulosic ethanol from bagasse enhanced the total ethanol yield [2, [20] [21] [22] [23] [24] and gained more interest. Production of ethanol from agricultural waste (or by-products) opens up numerous source of potential feedstock. Besides ethanol other value-added chemicals can be produced from renewable feedstocks [25] . Simultaneouly efficient processes were developed for the conversion of bagasse to methane [26] or hydrogen [27] [28] [29] [30] , or C 5 and C 6 sugars [31, 32] . A new innovation showed that sweet sorgum fiber could be used to reinforce fly ash-based geopolymer [33] which is the latest potential use.
It is important to emphasize that utilization of sweet sorghum turned to the production of other chemical compounds from the carbohydrate content of the raw juice such as lactic acid [34] [35] [36] [37] , butanol [38] , hydrogen [28, 39, 40] , acetone [41] , lipids [42] gained more importance. Among the platform molecules levulinic acid could play a key role in the chain [43] , since it is the raw material of a proposed platform chemical (gamma-valerolactone) that can be obtained by its selective hydrogenation [44] [45] [46] [47] [48] . Extending the queue a new product, biopolymer generation was established by Tanamool [49] at laboratory scale.
To establish a successful biorefinery, the complete processing of every part of the plant shall be exploited offering a complex utilization [50, 51] . The combination of biorefinery principles with a promising feedstock opens new routes for the production of a wide range of fuels and chemicals on renewables feedstock [52] . A recent review gives comprehensive conception about sweet sorghum as an energy crop and summarizes processing methods aiming a wide variety of product both from juice and bagasse [53] . Another study was specialized on biofuel production [54] , and another one gives a summary of sweet sorghum as an energy crop [55] . Syrup production for nutritional purposes however, fell outside the scope of interest.
Fundamentally important parameter of processing is the storability of stalk [56, 57] and the preservation of juice quality as well. Due to the short-term storability more importance was given on preservation to inhibit sugar loss by uncontrolled microbial activity. Sulfur-dioxide was proposed as an efficient inhibitor [58] but nowadays sulfurdioxide is avoided since it is believed to be carcinogenic. CO 2 [57] , aqueous ammonia [57] , propionic acid [57] and hydrogen-sulfite steam [59] were also successfully applied for stalks. Having the facility of prompt chopping and crushing of stalk, the storability task was shifted to the juice. Several solutions were proposed for juice: addition of preservatives such as ethyl-p-hydroxybenzoate [60] , homogenization at 32 kpsi (0.22 MPa) and ozone treatment [61] , or concentration with evaporation without using additives. In the latter case; however, organic acids react with the sugars resulting a deteriorated composition [62] . The major deterioration of the extracted juice, however is caused by microbial and enzymatic activities. In spite of the changed composition, fuel production could be achieved on the basis of concentrate, but the change in organoleptic characters retains its utilization in nutrition. The preservation of the original sugar composition of the juice is still a great challenge for chemists and engineers.
The aim of sugar production from sweet sorghum juice enlightened the problems of crystallization, because the starch and aconitic acid content of juice inhibited crystallization [63] . After the removal of these critical compounds, 62 kg sugar and 45 litres of high-test molasses from a ton of sweet sorghum can be produced an approximate 10 wt.% yield in pilot-scale using cane juice processing technology [64] . Later on the easily obtainable and inexpensive white sugar turned the focus of juice utilization on biofuel purposes, whereas the difference between the chemical composition of juice and syrup has no effect on subsequent utilization. The biofuel-purpose syrup is usually processed as follows: the juice is pressed from the chopped stalks by multi-roller mills then filtered to remove the trash. The cleared juice enters the evaporator, where proteins coagulate [62] and depending on evaporation conditions several reactions could take place such as degradation of sucrose, glucose and fructose, formation of organic acids concomitant with color formation [65] . Perhaps pH has great influence on the decomposition reactions but simultaneously oligomerisation of monosaccharides can Fig. 1 The optimal cultivation areas of sweet sorghum in Hungary suggested by Fogarassy [7] . take place as well [66] . The juice is skimmed to remove the undesired compounds that rise to the top, then the canned syrup is sent for ethanol fermentation.
Since the impurity profile of sweet sorghum differs from that of sugar cane, its' processing covers more challenges. By clarification of raw juice more pure and more suitable syrup could be produced to maintain a yearround feed supply of fuel production [67] . The aims of clarification are i) remove starch, ii) capture impurities (mainly suspended solids) and iii) stabilize juice. It should be noted that starch could be indirectly removed by its hydrolysis at elevated temperature by the addition of heat-stable α-amylase [68] , but the usual way is the liming. Physical methods including sedimentation, juice clarification and filtration are better at removing sweet sorghum starch [69] . In order to avoid the degradation of glucose and fructose under alkaline conditions at 55-60 °C [70] Eggleston and co-workers fine-tuned clarification experiments by means of temperature and pH adjusted by milk of lime. They proved that heat alone does not sufficient for a complete clarification, but a minimum limed juice pH of 6.3-6.5 was optimal for a pre-heated juice (80-85 °C) . Moreover the subsequent addition of 5 ppm polyanionic flocculant resulted in clearest juice with lowest starch and impurities content. This process was worked out for cultivar Topper however, they emphasized that different cultivars have a significant effect on clarification performance [71] . Accordingly, pilot-scale studies were performed with the optimized conditions. During the evaporation of clarified juice; however, a loss of fermentable sugar was observed, which was induced by the acidic pH of 6.3 [72] . Latest results introduced a technology providing stabilized juice: the juice was heated to 80 °C, limed to pH 6.5, then 5 ppm polyanionic flocculant was added, finally it was irradiated with UV-C. It was revealed that clarification with milk of lime can protect the glucose and fructose from alkaline degradation reactions [73] . By using this technology at 25 °C, 48 hour-long storable, stabilized juice could be produced with acceptable spoilage [74] . In spite of the attracting results, the glucose : fructose : sucrose ratio has not been discussed.
We report here the comparison of three different methods for syrup production: sugar beet and sugar cane processing technology and a newly developed chemical-free process. The juice of cultivar Sucrosorgho 506, cultivated in Hungary was used for clarification and concentration experiments aiming to produce a consumable syrups that preserves the original glucose : fructose : sucrose ratio.
Materials and methods

Key properties of cultivar Sucrosorgho 506
The key properties of cultivar Sucrosorgho 506 grown in Hungary are summarized in Table 1 .
During the harvest, the fibrous rind-leaves and panicles were separated from the stalks then chopped into approx. 10 cm-long pieces as suggested by Broadhead [75] . The sugar-laden pith fraction was extracted by manual milling procedures. The juice was filtered through a screen to remove the large particles of trash, and mainly destructed plant materials then it was collected into 1 L volume sterile flasks. Samples were frozen to -20 °C till further use to avoid both microbial activity and deterioration of carbohydrates. Samples were unfrozen right before experiments.
Composition of juices
The composition of raw juices differs every year according to the water-and sugar content of the plant, which depends on the annual growing conditions such as rainfall, sunshine hours in growth-time and inhomogeneity of nutrients in soil. Despite the same field, there can be difference between 1 L volume juice samples, because of the inhomogeneity of carbohydrate content in the plant itself and due to the accidental difference of fertilizer concentration on field during cultivation. Table 2 shows the annual compositions change of raw juices. Table 2 ). Both of them were harvested similarly (after 160 days after sowing).
Syrup production methods
Three different syrup production methods were applied for sweet sorghum juice. Sugar beet processing technology aiming to produce crystalline sugar was adapted to sweet sorghum juice (Method 1) at first ignoring the crystallization step. Modified sugar cane processing technology (Method 2) was also tested, but in order to develop an environmentally benign process, here we propose a chemical-free purification sequence (Method 3) aiming high sugar containing syrup and keeping the original glucose : fructose : sucrose ratio.
Method 1
The adaptation of classical sugar beet processing technology [78] to sweet sorghum juice was investigated as follows ( Fig. 2) . 100 mL of juice was heated up to a given temperature (50-75 °C) in a double-walled Erlenmeyer flask, then milk of lime (20 g/L) was added in droplets and stirred properly for 30 second to reach pH ~11. After stirring was finished, coagulated proteins were removed from the limed juice by microfiltration using a 0.45-micrometer-pore size membrane. To form CaCO 3 precipitates CO 2 was bubbled throughout the liquor until its pH was adjusted to 8.5. CaCO 3 can act as an adsorbent and presumably decolorize the liquor. In order to compare the adsorbent efficiency of CaCO 3 and carbon black in the meantime parallel experiments were carried out by adding ~1 g of activated carbon black as decolorizing agent. Vacuum evaporation was carried out at the same temperature as the clarification (50-75 °C) in two phases: as the liquor reached its solubility limit it was filtered through a 0.45-micrometerpore size microfilter to remove the remaining CaCO 3 precipitates and carbon black, then the further concentration was continued until reaching a syrup phase (65-70 °Brix).
Method 2
Based on experiments by Indian companies [79] the suggested technology was modified. The schematic drawing of the adapted sugar cane processing technology to sweet sorghum juice is shown in Fig. 3 . 100 mL of raw juice was heated up to a given temperature (50-80 °C) and droplets of heated milk of lime were added to adjust the pH to neutral (7.0±0.1). Then 0.42 mL 0.25 wt.% polyacrylamide stock solution was added to reach its 1-ppm-concentration in the juice. After the 30 min retention time, the decanted juice was filtered through a 0.45-micrometer-pore size microfiltration membrane to remove all remained suspended solids. Finally the clarified juice was vacuum evaporated reaching a syrup phase (65-80 °Brix).
Method 3
This novel process consists of a centrifugal separation unit (CF) which eliminates the non-water soluble starch and sand, an ultrafiltration unit (UF) to remove proteins and microorganisms, a nanofiltration unit (NF) to concentrate the carbohydrate content, and a vacuum evaporation (VE) unit to further concentrate the retentate to syrup. The schematic drawing of the developed system is shown in Fig. 4 . Sterilization with different sterilizing agents acceptable both for membrane and equipment was performed.
CF experiments were performed on a swing-out rotorequipped Rotina 380 R (with a capacity of 4 × 290 mL) centrifuge at 5000 rpm for 30 min.
Ultrafiltration experiments were carried out on a CELFA P-28 universal test membrane apparatus, using a flat-sheet C010F membrane at 20 °C and 10 bar transmembrane pressure. The effective area of the membrane was 28 cm 2 . The driving force was maintained by pressurizing the feed tank with inert nitrogen gas. For large-laboratory-scale experiments a 0.24 m 2 membrane was used under identical conditions. Laboratory-scale nanofiltration experiments were carried out on a CELFA P-28 type apparatus using flat-sheet DL composite membrane at 20 °C. A pressure difference of 35 bar was maintained by nitrogen gas. For large-laboratory-scale experiments a spiral wound DL composite membrane with an effective area of 0.24 m 2 was used under identical conditions. Membranes were conditioned in distilled water before the experiments. Both ultra-and nanofiltration were performed in a feed-and-bleed system i.e. the retentate was recycled to the feed tank until reaching its final volume. The recovery rates were 0.9 and 0.5 in case of ultrafiltration and nanofiltration, respectively. These values were applied at both scales.
Vacuum evaporation was carried out according to a predetermined pressure program to avoid sudden boiling, foaming and the consequent droplet distribution. The vessel was heated to 65 °C and kept constant during the experiment (Table 3) .
Analytical methods 2.4.1 Brix
Brix was measured with an ATAGO PAL-1 type digital refractometer (0.0 -53.0 °Brix). The Brix values of the syrups were determined on mass basis by the 1 : 1 dilution of syrup and distilled water.
Dry matter content
Dry matter (DM) was determined by heating the samples to 105 °C for two hours. In order to avoid the formation of local hot spots and the subsequent decomposition of carbohydrates such as Maillard reaction [80] , samples were mixed with doubled amount of quartz sand. Parallel experiments were conducted at 60 °C without quartz sand previously [81] . A stable 1 wt.%-difference was observed between the DM contents measured by the two methods. The D-glucose concentration was determined before and after hydrolysis of sucrose by β-fructosidase (invertase). The D-fructose content of the sample was determined subsequent to the determination of D-glucose, after isomerization by phosphoglucose isomerase (PGI). Actually the absorption of NADPH was detected at a wavelength of 340 nm, so its concentration was equivalent to the concentration of glucose. Because of the low detection limit and the calibration's linearity, sweet sorghum samples had to be diluted to 1000-fold, syrups to 2000-fold for the measurement. The accuracy of the method was ± 0.12 mg/L for each carbohydrate.
Carbohydrates
pH
pH values were continuously measured by a WTW 340i pH/conductivity meter during the addition of milk of lime and polyacrylamide, and regularly measured (before and after) each processing step.
Microbial analysis
Microbial cultures were cultivated on two types of culture-medium: agar-agar and Nutrient. Supernatant and ultrafiltration permeates were diluted and inoculated onto the substrates and after a given incubation time the cultivated microbe settlements were counted [82] .
Silver content
To detect its enrichment silver concentration was determined in the syrups produced with Method 3 by atomic absorption spectroscopy at a wavelength of 328.2 nm.
Sensory analysis and descriptive analysis of syrups
The integration of sensory organs (vision, olfaction and gustation) can help to characterize food products and deliver them into general use. Assessment of sensory properties of syrups was conducted by the methodology of consumer's test. Testers determined odor in a positive sense, intensity of odor, intensity of color, flavor and aftertaste. The criteria for the assessors were no food, coffee and cigarette consumption within 2 hours before the analysis. A score list with 5 points was applied. In case of odor, flavor and aftertaste category scale were applied where 1 represented the worst and 5 represented the best score. Considering the intensity of odor and intensity of color a "just right" scale was used where score 0 indicated the optimum, lesser -2 and worse +2. The group of assessors had 5 members: two females and three males. Average scores of all categories were calculated during the evaluation. The description of syrup characterization method is summarized in Table 4 .
Chemicals
Calcium hydroxide (≥95.0%) was purchased from SigmaAldrich and it was dissolved in water to get milk of lime solution (20 g/L). Polyacrylamide granules (as Magnafloc® LT-340 product) were provided by BASF. A 0.25 wt.% stock solution was prepared by the dissolution of 0.1252 g polymer in 50 mL water. 96 wt.% ethanol and citric acid monohydrate were purchased from Molar Chemicals Ltd. and Sanosil Super 25 Ag sterilizing agent from Sanosil Hungaria Ltd., while activated carbon black was obtained from Merck.
Results and Discussion
Evaluation of clarification by Methods 1 and 2
Initially 100 mL of raw juice was heated to a given temperature. After setting the pH to 11 (Method 1) with milk of lime, stirring was stopped and the suspended solids were settled and loose flocks could be observed (see Fig. 5 ). In contrast to Method 1 at neutral pH the consequent addition of polyacrylamide (Method 2) resulted in bigger flocks (see Fig. 6 ). Considering the effect of temperature, the color of the clarified liquor changed from orange to reddish-brownish indicating the decomposition reactions of glucose and fructose at alkaline pH (Method 1) [65] while the change in color was not significant in Method 2: the color of clarified 
Evaluation of Method 3: Development of chemicalfree processing technology 3.2.1 Centrifugal separation (CF)
Engineering calculations showed that gravitational sedimentation would last for days, which would enhance the deterioration of carbohydrates. Centrifugal separation is a good choice to accelerate the settling of particles (sand, starch and colloidal state cell fragments). 20 min centrifugal separation time at 5000 rpm was proven to be sufficient for the pretreatment of sweet sorghum juice and provided appropriately purified feedstock for biomass conversion [43] . If the centrifugal separation time is elongated to 30 min the particles under 0.3-micrometer-diameter can settle, as well. It should be noted that the raw juice composition varies from year to year so an average retention time of 30 min at an rpm between 2500-5000 would be required for efficient separation. In general, by increasing the centrifugal separation time the ratio of the residue and the liquor increases although, no direct relation could be observed by time and rpm. The varying total dissolved solid (TDS) and dry matter (DM) content had more significant effect on the separation. The high standard deviation represents the inhomogeneity of juices [83] .
Ultrafiltration (UF)
The average permeate flux (calculated from 17 parallel experiments) of the properly selected membrane is shown in Fig. 7 . Standard deviation is extremely high at the beginning of the filtration and later it refers to 25% provided by the membrane supplier. Recovery rate is indicated by V p /V f as the volume of permeate related to the volume of the feed. Although the carbohydrate content of feed varies according to the annual variation of juice composition, the flux could be stabilized between 35-45 L/(m 2 h) at 20 °C and 10 bar transmembrane pressure. Sasaki and coworkers [84] performed purification of raw juice of cultivar SIL05 by ultrafiltration at 4 bar however, flux values and composition of permeates were not published, since they focused on the forthcoming ethanol production by fermentation.
The sterilization of membrane apparatus seemed to be a key issue during ultrafiltration, because of the traces of carbohydrates remaining in the feed tank after washing alimenting the filtered microorganism with carbon source. Three sterilizing agents were tested at recommended concentrations (70 wt.% ethanol, citric acid solution at pH=2, and Sanosil Super 25 Ag).
According to the microbial cultivation, feed solutions (CF supernatants) contained 968 CFU/mL fungi and 6633 CFU/mL bacteria. Unfortunately, the cultivars on agar-agar were infected giving a positive false result, therefore UF permeate samples must have been tested on Nutrient substrate as well (see results in Table 6 ).
While all permeates stored at 4 °C seemed uninfected, uncountable numbers of microorganism grew on permeates stored at ambient temperature in samples produced after sterilization with ethanol or citric acid. The H 2 O 2 and silver containing Sanosil Super 25 Ag provided the only germ-free sample. It has to be emphasized that nobody has drawn attention on the importance of sterilization of membranes and equipment yet.
Nanofiltration (NF)
After the selection of the appropriate nanofiltration membrane [85] UF permeates were further concentrated with DL type NF membrane allowing the water and dissolved salts to pass through while concentrating the carbohydrates in the retentate. Pressure difference (Δp) of 35 bar was maintained by nitrogen to supply the driving force (trans-membrane pressure=Δp-Δπ) for the separation process and compensate the increasing osmotic pressure (Δπ). Continuous concentration and the consequently increasing osmotic pressure resulted in a continuously decreasing flux. Because of the application of UF provided a relatively homogenous permeate used as NF feed, stable nanofiltration flux could be observed providing much lower standard deviations than that of UF fluxes. The average NF fluxes (calculated from 9 parallel experiments) were labeled with dots and marked standard deviation (see Fig. 8 ). The fluxes of juices harvested in different years are in the range of standard deviations, which verifies the rigidity of the selected pretreatment technology. The flux obtained during large-lab scale nanofiltration was in agreement with the lab-scale flux, as expected. However emphasis should be given, on the proper washing and cleaning of membranes. Of the different combinations of sterilizers (Table 7 ) Sanosil Super 25 Ag was successfully used to sterilize the UF and NF membranes, too. Because the membrane equipment was in a semi-batch (or feedand-bleed) mode i.e. raw juice is fed at ones and permeate was removed continuously until the feed volume reached the lower limit of operation when the experiment had to be stopped. Then feed tank was sterilized because the circulation flow allowed the contact with the membrane therefore, feed tank and membrane could be sterilized at the same time. No chemicals were added to the permeates. Long-term storability experiments of NF retentates (lasted for 3 months) showed that samples stored in a sterile, tightly closed flask at room temperature could keep their carbohydrate content and no microbial infection was observed. Moreover, samples No. 6 and 7 (sterilized only with Sanosil super 25 Ag) could be stored even for 3 years without any loss of sugar. Compared to the clarification results of Eggleston and coworkers [86] attained with cultivar Topper, we increased the storability time with several orders of magnitude (3 years vs. 48 hours) by this novel technology in case of cultivar Sucrosorgho 506.
Vacuum evaporation (VE)
By the end of NF according to general 14.06% carbohydrate loss during CF+UF+NF (CF residue contains 2.38%, UF retentate 10.2%, NF permeate 1.48% of the initial carbohydrate content), an average 25 °Brix retentate could be produced. To reach a syrup phase, further concentration was performed by vacuum evaporation. Moderate heating at 65 °C and final 20 mmHg (2.66 kPa) vacuum was sufficient for the concentration. The average °Brix of syrups was 66, which indicates that with evaporation the carbohydrate content could be doubled (Fig. 9). 
Carbohydrate content of syrups
The analysis of glucose, fructose and sucrose concentrations of syrups proved our assumptions: 66-100 wt.% of glucose and 72-100 wt.% of fructose decomposed during the application of Method 1. The initial glucose : fructose : sucrose mass ratio (initially 1.3 : 1 : 8.5) completely changed to an average ratio of 1.6 : 1 : 38.7, clearly indicating that by this method the sucrose could be preserved exclusively, and our aim to maintain the initial ratio of carbohydrates was failed (therefore no figure on carbohydrate content is provided). With increasing temperature monomers degraded under alkaline pH, similarly as observed by Eggleston [70] . Color change could be caused by formation of organic acids [65] . No difference could be observed between samples with and without carbon black. In case of Method 2 however, all three types of carbohydrates could be preserved in the juice and consequently in the syrup. To depict all carbohydrates on the same graph, the logarithmic scaled concentrations of carbohydrate content of syrups are shown in Fig. 10 . While brownish sucrose syrup could be produced with Method 1, an approximately constant ratio of glucose, fructose and sucrose could be maintained with Method 2, which resulted in honey-like colored syrup, almost independently of temperature. The deviations can be explained by the slightly different Brix values of syrups. Considering the loss of sugar during Method 2, 21-44% of the initial total sugar went absent, probably bound on the surface of polyacrylamide flocks.
In case of the chemical-free technology represented by Method 3, higher concentrations of glucose and fructose could be observed in the syrup than in previous cases (Fig. 11) . The variation trend between samples 1-7 for glucose is the same as for fructose and sucrose and can be obviously explained by the different enrichment factors obtained during vacuum evaporation. The loss of sugar manifests only in the UF retentate and the NF permeate.
UF retentate represents almost 10% of the initial mass and carbohydrate as well, and having a similar distribution of sugars, which proves that UF is not selective for carbohydrates but selective for proteins.
NF permeate represents 40% of the initial mass, having a total carbohydrate concentration of 5.63 g/L, and almost 2/3 rd of it is glucose, 1/3 rd fructose and only 7% is sucrose (Fig. 12 ). This loss of monosaccharides results in a lower concentration of glucose and fructose in the NF retentate, but compared to the decrease obtained in Methods 1 and 2 the decrease be can be neglected. However, heating the NF retentate to 65 °C for the vacuum evaporation resulted a decay of 7% sucrose to a 1:1 ratio glucose and fructose thus increasing the monosaccharides' concentration in the syrup by 3.5% each.
Sensory analysis
The scores given in each category of sensory analysis are depicted on radar charts. The curves located the most of all outside show the finest syrup from each charge. Syrup produced at 50 °C in Method 1 (Fig. 13) is the winner but its bittersweet aftertaste makes it acceptable only for a narrow consumer group. 60 °C is the sweetest out of syrups produced with Method 2 (Fig. 14) , and the overall opinion on these syrups is positive, they have a nice and not intensive smell and their color is lighter than honey. The only negative character was the slight bitter aftertaste, which is assumed to be the effect of liming.
In general the overall impression on syrups produced with Method 3 was positive and the bitter aftertaste was replaced by acidic aftertaste, which can be explained by the acidic pH of the syrups (Fig. 15) . Considering the total scores summarized in Table 8 , syrups produced with Method 3 attained higher scores almost in all cases. The highest scores were 11.2, 13.1 and 14.0 for syrups produced by Method 1, 2 and 3. Table 9 shows the average values of selected properties of clarified juice in cases of Methods 1 and 2, the retentate produced by nanofiltration with Method 3 and the syrups produced by the different methods.
Due to the variation in raw juices and circumstances during the final evaporation step, different concentrations could be produced. Therefore, purity of syrups seems to be a better parameter for the comparison. The average purity of syrups increases with technology improvement, and the highest purity could be observed in Method 3 where no additional chemicals were used during the concentration process, and the syrups preserved almost the same pH as the initial raw juice. As long as the pH of juice was increased the degradation of monosaccharides resulted in a decreased purity.
Silver content
Due to the silver content of sterilizing agent Sanosil Super 25 Ag, silver accumulation might be expected in the syrup produced with Method 3, so it was analyzed by atomic absorption spectroscopy. Silver concentration was found to be maximum 6.96 ppm. According to US EPA a maximum oral intake of 0.005 mg Ag/body kg is allowed. Over this value the probability of argyrosis significantly increases. At worst case, consuming the highest Ag containing syrup, a daily 100 mL volume may be consumed during the lifetime of a 70-kg-weight person.
Mass balance of Method 3
The sankey diagram of mass balance obtained in Method 3 clearly indicates the distribution of quantities of product, by-products, reusable water and losses (Fig. 16 ). The syrup with an average °Brix of 66.3 represents ca. 16 wt.% of the initial juice, and the by-products: the residue of centrifugal separation (3.95 wt.%) and retentate of ultrafiltration (9.73 wt.%) amount almost 14 wt.%. These by-products can be utilized as a nutrient-supplement in animal feeding. NF permeate is indebted to by-products, but it has much less valuable compounds than CF residue or UF retentate, however it contains traces of carbohydrates (5.63 g/L) therefore allowing it to be used as substrates for yeast cultivation after addition of N-and P-sources. The condensed vapor from evaporation step represents pure and reusable water that could be recycled to the membrane filtration steps and used as washing water. The overall loss during the proposed technology is less than 1 wt.%. With this technology an overall yield of 16% could be attained which is 1.5-fold higher than that of obtained previously by Angelle and coworkers [64] .
Conclusion
We demonstrated that the juice of Sucrosorgho 506 cultivated in Hungary could be concentrated by modified sugar beet (Method 1) and sugar cane (Method 2) processing technologies however, the decomposition of monosaccharides was observed during the processes. A four-step, chemical-free separation technology consisting of a CF, an UF, a NF, and a VE unit that can be used in a wide range (raw juices with total carbohydrate content varying from 118.4 ± 5.9 to 203.4 ± 43.5 g/L) was developed. It was shown that the non-water soluble starch and sand content of the juice could easily be separated by the application CF, while proteins and microorganisms could be removed by UF. The purified juice was concentrated with nanofiltration to an average Brix value of 25 at 20 °C and 3.5 MPa both at laboratory, and large-laboratory scale, and further concentrated by VE. The mild conditions during CF, UF and NF and the moderate temperature during VE enhanced the preservation of carbohydrates close to their original ratio. We revealed that the proper sterilization of the equipment and the membranes plays a key role in long-term storability of clear juice (NF retentate) and syrup as well. It can be stated that the use of Sanosil Super 25 Ag is necessary at a concentration that is suitable for the applied membranes.
The highest syrup purity (71%) was obtained in the case of our suggested technology. By maintaining the original pH of the juice during the process, the initial carbohydrate ratio was found to be preserved (mass ratio of glucose : fructose : sucrose were 1.3 : 1: 6.4 and 1.4 : 1: 5.8 in the raw juice and the syrup, respectively).
Sensory analysis and the individual evaluations of flavor and aftertaste reported that syrup produced with our proposed method (Method 3) was the sweetest, without any bitter flavor. However, a slight acidic aftertaste appeared due to the original acidic pH. Considering the overall properties of syrups and impressions of the sensory analysis, we propose this four-step, chemical-free separation technology for syrup as a possible natural sweetener production from Sucrosorgho 506 raw juice. We demonstrated that food quality syrup could be produced by the proposed chemical-free technology, without compromising the syrup's further use such as conversion to platform chemicals in a future biorefinery.
